ABSTRACT Within the last 60 yr genetics of broilers have changed to produce rapid growing birds that achieve market weight in 6 wk or less. To investigate the differences in factors that play a role in nutrient processing and uptake between modern fast growing (Ross) and slow growing broilers not selected for growth (ACRBC), a study was carried comparing the expression of 13 genes that encode amino acid transporters (ASCT1, ATB o,+ , B o AT, b o, + AT, CAT1, CAT2, EAAT3, γ + LAT1, and LAT1) and sugar transporters (GLUT2 and GLUT5), as well as aminopeptidase (APN) and the di-and tri-peptide transporter PepT1. The growth rate of Ross birds was approximately 4 times greater than that of ACRBCs, and the feed conversion ratio (FCR) was greater in ACRBCs at all-time points measured. Gene expression in the duodenum, jejunum, and ileum was measured at 1, 3, 5, 10, and 14 d post hatch (PH). The expression of genes that encode proteins (particularly ASCT1, ATB o, + , and B o AT) located at the brush border of the gut epithelium was generally higher in ACRBCs especially at earlier time points. The expression of genes that encode proteins located at the basolateral surface of the gut epithelium was less affected. The expression of GLUT2 and GLUT5 was significantly decreased in ACRBCs at most time points and gut segments. Based on the present data we conclude that expression of brush border and sugar transporters in the small intestine can be correlated with growth. Presented increases the identification of the factors that influence growth and will assist future studies of the function of these molecules.
ABBREVIATIONS

AA:
Amino acid AAT:
Amino acid transporters ACRBC: Athens Canadian Randombred Control APN:
Aminopeptidase N ASCT1:
Alanine, serine, cysteine, and threonine transporter ATB o, + : Na + and Cl-dependent neutral and cationic amino acid transporter B o AT: Na + dependent neutral amino acid transporter b o, + AT: Na + independent cationic and zwitterionic amino acid transporter
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INTRODUCTION
During the last 60 yr broiler chickens have been selected for genetic changes resulting in rapid growth and increased carcass weight. In 2016, an average broiler went to market at 47 d of age, weighed 6.16 pounds and achieved a feed conversion ratio (FCR) of 1.86. In 1955, market weight was achieved in 70 d, producing a bird that weighed 3.07 pounds with a FCR of 3.0 2272 Di-and tri-peptide transporter Brush border Chen et al., 2005 (https://www.nationalchickencouncil.org/about-theindustry/statistics/u-s-broiler-performance/). Today modern broilers can achieve 3.00 pounds in weight in approximately 27 d with a FCR of 1.39 (Ross 308 Handbook). It has been found (Havenstein et al., 1994 genetic selection has contributed 85 to 90% of the change in increased growth, whereas the remaining 10 to 15% change in growth is contributed by improved nutrition and changes in diet formulation. Even though it is understood that genetic changes are responsible for improved broiler production, the particular nature of these changes has not been thoroughly addressed. It is possible to carry out comparative studies between modern fast growing broilers and those which exhibit slow growth due to the existence of the pedigreed Athens Canadian Randombred Control (ACRBC) line of broilers which have not been selected for rapid growth since 1957 (Collins et al., 2016) . The ACRBC chickens were originally maintained at USDA facility in Athens GA but in 1998 the flock was moved to University of Georgia's Poultry Research Center where it has been maintained until present day. The ACRB originated from the Ottawa Meat Control Strain that was developed from 4 strains of meat type chickens (3 commercial and 1 experimental). Over the course of 36 generations (Liu et al., 1994) very small changes were seen in this time period, with bird weight decreasing only 1 to 2 g indicating that no growth selection is occurring in the flock. Over the last 50 yr the ACRBs have been used in several areas of poultry science for comparison purposes among broilers strains. For example, unique "type III" hemoglobin was found in ACRBC birds, which conferred 20% protection against Marek's disease in homozygous recessive ACRBC birds was identified (Washburn et al., 1971) . Ghori and Edgar (1979) tested the susceptibility of ACRBCs, a leghorn strain, and a commercial broiler strain for susceptibility to Aspergillus exposure. They found that ACRBCs were more susceptible to mortality than broilers but not as susceptible as leghorns. Other immunological studies have found that the bursa, cecal tonsil, and spleen weights in ACRBCs were greater compared to modern broilers relative to body weight (Cheema et al., 2003) . There is also evidence that ACRBCs have a better humoral immune system than modern broilers, whereas Ross broilers mounted better inflammatory and cell-mediated responses (Qureshi and Havenstein, 1994; Cheema et al., 2003) . Studies on the effect of heat stress in between ACRBC and commercial broilers found that even though the ACRBCs were much lighter than commercial broilers they were still negatively impacted by heat stress, however, in spite of decreased weight gain the ACRBCs encountered during heat stress, they mortality rate did not differ between birds raised at normal temperatures vs. 38
• C. On the other hand, commercial broilers suffered increased mortality (21.7%) when raised at 38
• C (Berrong and Washburn, 1998) .
Because of the differences in production parameters between ACRBCs and commercial broilers the ACRBCs provide an attractive comparison of factors associated with growth. Lumpkins et al., 2010 reported that ACRBCs have longer jejunum and ileum but shorter villi and differences in microflora compared to commercial modern broilers.
The chick intestine is the primary location for nutrient absorption. At the brush border of intestinal enterocytes, proteins are broken down to di-or tri-peptides and single AAs, and are transported by enterocytes via amino acid transporters (AATs), whereas monosaccharides are transported into enterocytes via specific sugar transporters. On the basolateral membrane of the enterocyte, a number of AATs are present that can either transport AAs from inside of the enterocyte to the vascular supply or vice versa.
The purpose of our study was to identify differences in factors that play a role in processing and uptake of nutrients in the gut at the molecular level and therefore identify genetic factors responsible for changes in growth. For this study, a number of genes encoding proteins associated with either the brush border or the basolateral epithelium, whose expression has been previously characterized in modern fast growing broilers were chosen. A list of the genes whose expression was measured in this study is shown in Table 1 .
MATERIALS AND METHODS
Bird Husbandry
Fertilized ACRBC eggs were obtained from University of Georgia (Athens, GA), whereas newly hatched male Ross broilers were obtained from Longenecker's Hatchery (Elizabethtown, PA). ACRBC eggs were incubated at 37.5
• C in 60% humidity. Eggs were turned 45
• and this position was maintained for 1 h, after which they were returned to a level position, which was maintained for 1 h. Hourly position changes were maintained for 18 d. At day 18 of incubation, eggs were moved to a hatcher where they continued to be incubated in a level position at 37.5
• C in 60% humidity. Hatched male birds were moved to brooder units with 8 birds per pen. Four pens were used per treatment. Birds were fed a standard poultry starter ration (crumbles, 24.1% crude protein, 89.9% dry matter (DM), calcium: 1.22% of DM, phosphorous 0.88% DM, magnesium 0.23% DM, potassium 1.10% DM, sodium 0.256% MD, iron 256 parts per million (PPM), manganese 22 PPM, zinc 39 PPM, and copper 9 PPM) and given water ad libitum for the duration of the study. Birds were sacrificed by cervical dislocation 1, 3, 5, 10, and 14 d post hatch (PH). Feed conversion ratio was calculated by dividing the feed intake by the daily average weight gain. All experiments were carried out under protocols approved by the Beltsville Agricultural Research Center Animal Care and Use Committee.
Tissue Sampling
Following sacrifice, the body cavity of each bird was opened and the intestinal tract was then removed, and 2-4 cm of the duodenum, distal jejunum (proximal to Meckel's diverticulum), and ileum (distal to Meckel's diverticulum) were collected. Each region was cut into smaller pieces (approximately 0.5 cm wide) and placed in a solution of RNAlater (Life Technologies). The tissues were incubated overnight at 4
• C and were then transferred to −20
• C until RNA extraction.
RNA and cDNA Preparation and qRT-PCR
Total RNA was extracted from 100 mg of tissues using the PureLink RNA mini kit (Life Technologies) using manufacturers recommended protocol. Total RNA (5 μg) was digested using Turbo DNase (Life Technologies) for 30 min at 37
• C. Complementary (c)DNA was synthesized from 1 μg of total RNA using the iScript Advanced cDNA synthesis kit (Bio-Rad) using manufacturer's recommended protocol. To ensure that there was no possible DNA contamination, all samples were also analyzed by PCR without the reverse transcriptase enzyme mix. Each of the cDNA samples was diluted 1:10 prior to reverse transcription polymerase chain reaction (qRT-PCR), and 1 μL of the diluted cDNA was used per qRT-PCR reaction. All qRT-PCR reactions were performed using the SsoAdvanced SYBR green supermix (Bio-Rad). Each reaction consisted of 1 μL diluted cDNA, 1 μL forward primer (10 μM), 1 μL reverse primer (10 μM), 7 μL H 2 O, and 10 μL 2x SYBR green supermix. The following PCR conditions were used: 95
• C for 30 s and 35 cycles of 95 • C for 30 s, 56
• C for 1 min, and 72
• C for 1 min. All qRT-PCR was carried out using CFX96 Touch Thermo Cycler (Bio-Rad). The primers for used in this study have been previously published (Gilbert et al., 2007; Miska and Fetterer, 2018) . Each of the genes investigated in this study is described in detail in Table 1 . Gene expression was measured using relative expression with β2-microglobulin serving as an endogenous control. The stability of the reference gene was validated in all tissue and both chicken lines. Primers for β2-microglobulin amplification were reported in Fetterer et al. (2014) . Relative gene expression was calculated using the 2 −ΔΔCt (fold changes) method (Livak and Schmittgem, 2001) . The ΔCt of the control samples was used to calculate ΔΔCt values.
Statistical Analysis
Statistical analysis was performed with commercial statistical package (SigmaPlot, Systat Software Inc, San Jose, CA). The data for relative expression were expressed as log2 (fold change) equivalent to −ΔΔC T. The log2 transformation normalized the data and better presented the downregulation of genes. The analysis of expression of ACRBCs was compared relative to the corresponding value derived from Ross samples for each gene at each sampling point. Relative expression was analyzed by 1 sample t-test with Bonferroni correction for multiple comparisons. Values significantly different from 0 were considered to indicate significant difference in expression of genes in ACRBC chickens relative to Ross chickens. Weight gain for each cage of birds was determined by linear regression analysis. Weight gain for each strain was compared by Students t-test. FCRs for all time points for each pen of birds were averaged and used to compute mean FCR for each bird strain. Differences between means were determined by Students t-test. All values were presented as means ±SD, and differences were considered significant at P < 0.05
RESULTS
Growth Rate and FCR
The growth rate over the 2-wk study period of Ross birds was 372 g/cage/day but the rate of growth of ACRBC birds was 86 g/cage/day ( Figure 1A) . The growth rate of Ross birds was 4.3 times greater than that of ACRBC birds. The FCR values for both bird strains is shown in Figure 1B . The FCR for Ross birds was 1.23, which is approximately 66% lower than the FCR (1.84) for ACRBC. The expression of genes which encode proteins located at the brush border is shown in Figure 2 . The expression data are presented relative to mRNA expression in Ross birds. Expression was measured in 3 segments of the small intestine: duodenum (Figure 2A) , jejunum ( Figure 2B ), and ileum ( Figure 2C ). In general, the expression among the 3 intestinal segments was similar. The expression of aminopeptidase in the duodenum and ileum differed significantly from between bird strains at 3 time points but no significant changes were noted in the jejunum. Expression of the alanine, serine, cysteine, and threonine transporter ASCT1 was generally higher in ACRBCs especially during the earlier time points followed by a decrease in expression in the duodenum and ileum. The expression of ATB o, + , a Na + and Cl-dependent neutral and cationic AAT was similar to ASCT1 with greater expression in ACRBCs at earlier time points. The ATB o, + , expression was strongly downregulated in ACRBCs at day 10 and 14 in the ileum. Expression of b o, + AT, a Na + independent cationic and zwitterionic AAT was significantly upregulated in ACRBCs at days 3, 5, and 10 in the jejunum. However, its expression in the duodenum and ileum showed no significant difference except at day PH in the ileum. Expression of B o AT, a Na + dependent neutral AAT was strongly upregulated in ACRBCs in the early time points followed by a significant decrease in expression in the duodenum and ileum at day 14. The expression of EAAT3, excitatory AAT 3 showed little difference in expression between Ross and ACRBC birds with some significant upregulation at 2 time points in the duodenum. Similarly, expression of PepT1, the di-and tri-peptide transporter, showed little difference in expression with no significant changes in the ileum, 1 and 2 in the duodenum and jejunum, respectively.
mRNA Expression of Amino Acid Transporters Located at the Basolateral Surface of the Intestinal Epithelium and Sugar Transporters (GLUT2, GLUT5)
The expression of genes that encode proteins located at the basolateral border as well as 2 sugar transporters (GLUT2 and GLUT5) is shown in Figure 3 . The expression data is presented relative to mRNA expression in Ross birds. Expression was measured in 3 segments of the small intestine: duodenum ( Figure 3A) , jejunum ( Figure 3B ), and ileum ( Figure 3C ). As seen with mRNA expression of brush border transporters only modest changes in expression are seen among the 3 small intestine segments. The expression of Na + independent cationic AAT CAT1 changes very little in any one of the intestinal segment. Only at day 14 PH in the duodenum there is a significant increase in expression. The expression of Na + independent cationic AAT CAT2 varies among intestinal segments. The expression in the duodenum ( Figure 3A ) of CAT2 is greater in ACRBCs during the early time points followed by a significant decrease at day 14. In the jejunum, there are no differences in expression of CAT2 except for significant increase at day 14. In the ileum, there is a significant increase in mRNA expression in ACRBCs at days 1 and 3 followed by a gradual decrease in expression, so that by days 10 and 14 the relative expression is close to 0. Similar to CAT1, the expression of Na + independent cationic and Na + dependent neutral AAT 1, γ + LAT1 varied very little between Ross and ACRBC birds. The only significant change was a decrease in expression at day 3 in the jejunum. The expression of Figure 2 . The relative expression of mRNAs encoding enzymes associated with the brush border membrane of gut epithelial cells in ACRBC chicks in the: (A) duodenum, (B) jejunum, and (C) ileum sampled at days 1, 3, 5, 10, and 14 PH. Abbreviations used for each gene is as given in Table 1 . Expression is measured as -ΔΔCt relative to Ross birds. All values are means with error bars indicating 1 SD.
* Indicates significant expression relative to Ross birds.
the L type AAT-1, LAT1 did not differ at any of the time points between the 2 bird strains in the duodenum ( Figure 3A ), but its expression in the jejunum and ileum was significantly decreased in ACRBCs at days 1 and 3, followed by increase in expression which approached 0 by day 14 PH. For this study, we also analyzed the expression of 2 sugar transporters: glucose transporter 2 (GLUT2) and fructose transporter 5 (GLUT5). The expression of GLUT2 differed among the intestinal segments at the early time points following hatch. At days 1 (duodenum only) and 3 (duodenum and jejunum) an increase in expression was observed in ACRBC birds. In the duodenum at day 3, PH relative expression of GLUT2 in ACRBCs was over 4. By day 14, a significant decrease in expression was observed in all 3 segments, with relative expression of more than Table 1 . Expression is measured as -ΔΔCt relative to Ross birds. All values are means with error bars indicating 1 SD.
* Indicates significant expression relative to Ross birds. 6 seen in the ileum. The expression of GLUT5 did not differ among intestinal segments. At both days 3 and 14, there was a very large decrease in ACRBCs birds.
DISCUSSION
The current study provides the first comparison of the mRNA expression of genes that encode proteins involved in processing and transport of nutrients (amino acids and sugars). Previous work has concentrated on expression of these genes in modern fast growing broilers (Gilbert et al., 2007; Zwarycz and Wong, 2013; Miska et al., 2014; Miska et al., 2015) . In an effort to gain better understanding of the factors that control growth a study was designed to compare the mRNA expression of genes encoding APN, AA, and sugar transporters in modern fast growing birds and in slow growing chicks not selected for rapid growth in birds ranging from days 1 to 14 PH. During this study, ACRBC birds performed similarly to previous studies Collins et al., 2014; Miska et al., 2014 , Miska et al., 2015 . Performance parameters of Ross birds were highlighted by much higher growth rate, and lower FCR compared to ACRBCs. In previous studies, ACRBC birds exhibited a cumulative FCR of 1.82 between 0 and 2 wk of age , 1.89 between 0 and 1 wk of age, and 2.20 between 1 and 2 wk of age (Collins et al., 2014) . The cumulative average of ACRBC birds in this study was 1.84. Therefore, the FCR in ours study were comparable to those measured by others.
When performing analysis of gene expression, a pattern emerged where most of the genes that encode proteins whose activity is associated with the brush border membrane of the gut epithelium were significantly expressed in ACRBC birds relative to Ross birds especially at earlier time points PH (Figure 2 ). On the other hand, the genes in the ACRBC birds whose activity is associated with the basolateral surface of the gut epithelium are exhibiting mRNA expression that was similar or lower relative to Ross birds. We also investigated the expression of the sugar transporters (GLUT2 and GLUT5) whose expression was lower in ACRBC birds (with exception of GLUT2 expression in duodenum and jejunum). The current study is the first investigating gene expression differences between commercial broilers and ACRBC birds; however, a few other studies have compared the expression of genes associated with nutrient uptake among different strains of birds which display different growth patterns (Mott et al., 2008; Zeng et al., 2011; Sumners et al., 2014) . Only 2 of these studies focused on gene expression in the small intestine, whereas the third study focused on expression in the pancreas (Sumners et al., 2014) . Additionally, Zeng et al., 2011 only observed changes in expression from embryonic day 9 until day of hatch (DOH). The expression of PepT1 and EAAT3 (which encode brush border AATs) in the small intestine of birds selected for low juvenile body (LWS) was greater than in birds selected for high juvenile body weight (HWS) (Mott el al., 2008) . The HWS and LWS chicks were developed by selecting for high and low weight at day 56 of life (Siegel, 1962) with HWS chicks exhibiting hyperphagia as well as higher body weight but the LWS exhibit hypophagia (and sometimes anorexia and death) and lower body weight. Upon hatch ACRBCs consume less feed than Ross birds but do not develop anorexia, however, ACRBCs have not been selected for low growth (or for any other parameter) therefore their mortality is low and their development is normal for their size (Collins et al., 2016) . Sumners et al., 2014 described expression in the pancreas of HWS and LWS birds and found that all 4 genes investigated (preproglucagon (PPG), preproinsulin (PPI), GLUT2), and pancreas and duodenal homeobox 1 (Pdx1) were expressed at higher levels in the LWS birds. GLUT2 expression in the current study showed increased expression at earlier time points in the duodenum and jejunum of ACRBC chickens although in the ileum a decrease was noted. GLUT5 expression has not been compared before between chicks of different growth capacity exhibited decreased expression in ACRBCs.
A study carried out by Zeng et al., 2011 utilized 2 Chinese poultry breeds with different growth characteristics: the White Recessive Rock Chick (WRRC) and the Wenshi Yellow Feathered Chick (WYFC). The WRRC is a commercial fast growing broiler whereas the WYFC is a slower growing bird doesn't reach market weight of approximately 1.4 kg for 105 d. This study was carried out on intestinal material of embryonic chicks and those at DOH. Of the 7 amino transporters investigated 5 of these (CAT-1, CAT-4, rBAT, γ + LAT1, and γ + LAT2) displayed significantly greater expression in the slow growing WYFC birds. Expression of 2 AATs, CAT-2 and b o, + AT were not significantly different. Two of these genes (b o, + AT and rBAT) encode brush border AATs and the remaining 5 encode basolateral AATs. In our study, at day after hatch (the time point most similar to those used by Zeng and colleagues), CAT1 and b o, + AT (the 2 genes which were included in both studies) did not show any significant difference in expression between ACRBC and Ross birds. Because only a small amount of data exists it is difficult to make across study comparative conclusions of how difference in growth capacity in chickens affects the expression of genes involved in nutrient processing and uptake. However, it is possible to make some inferences from the current study. Increased gene expression was observed in genes encoding brush border-associated proteins, which was a surprising finding. Because Ross chickens grow more rapidly and efficient, we hypothesized that the expression at the brush border would be greater. Brush border AATs are responsible for bringing in amino acids into the enterocyte from the gut lumen. It's possible that because ACRBCs ingest much smaller amounts of nutrients more AATs are necessary to bring these nutrients into the cells. On the other hand, AATs of fast growing strains may be more efficient of bringing in large amount of nutrients so their numbers could be comparatively lower.
In our study, the effect of bird strain on basolateral AATs showed smaller differences in expression, and the sole AAT that was upregulated in ACRBCs was CAT2. The basolateral transporters are responsible to moving nutrient from the enterocytes to the capillaries of the gastrointestinal tract that are then disseminated throughout the organism. Perhaps the amount of AAT expression associated with the basolateral surface is similar among fast and slow growing strains because their expression is not crucial to growth, and the rate of nutrients that enters the cell is more important to growth rate.
The expression of 2 hexose transporters GLUT2 and GLUT5 exhibited the largest differences in expression between the 2 strains. By day 14 PH both genes showed significantly less expression in all 3 areas of the small intestine. GLUT2 is a glucose transporter and is located on the basolateral surface and GLUT5 is a fructose transporter and is located on the brush border surface. Greater expression of these genes in Ross chickens suggests that sugar transporters may be very important in rapid growth and that fast growing chickens have a larger capacity of absorption of sugars.
This study is the first to describe differences in expression of genes that play a role in nutrient uptake and processing in ACRBC and Ross chickens. The purpose of this study was to begin to identity factors that may be associated with rapid growth. The current study is limited solely to gene expression, and we realize that identification of proteins and their activity would be beneficial. However, the sequence of these proteins is not well conserved therefore most antibodies raised against mammalian AATs do not cross react. Due to large interest in identifying factors and mechanisms that affect growth in poultry an effort should be made to develop protein specific reagents. However, assembling groundwork of data based on gene expression is of great importance because it is easier to identity possible targets for later in depth analysis. Based on the current study, it is clear that nutrient uptake associated molecules which are related to growth exist and further analysis is warranted.
